Climate change scenarios concerning the Baltic Sea predict increase in surface water temperatures. Pikeperch (Sander lucioperca (L.)) inhabits the coastal areas of the northern Baltic Sea and is an important fish species for the Finnish fisheries. The year-class strength of pikeperch varies strongly between years and significantly depends on water temperature. We aimed to study the effects of changing temperature conditions on pikeperch fisheries and distribution based on commercial catch data from the period 1980-2008 in the Finnish coastal areas of the Baltic Sea. The results indicated that warmer summers will produce stronger pikeperch year-classes that consequently contribute significantly to the future catches. The average temperature in June-July explained 40% of the variation in the year-class catches in the Gulf of Finland and 73% in July-August in the Archipelago Sea. During the study period, the distribution of pikeperch catches expanded toward north along the coasts of the Bothnian Sea.
INTRODUCTION
Climate model predictions show continuing and increasing warming in the twenty-first century (Barnett et al. 2005) . The Intergovernmental Panel on Climate Change (IPPC) has predicted an increase of 1.1-6.4°C in global average surface water temperatures for the year 2100 (IPCC 2007) . Warmer and wetter winters, dryer and hotter summers are predicted for Northern Europe (Ruosteenoja et al. 2007 ). However, there is uncertainty regarding the effects of regional warming on marine community structure and productivity (IPCC 2007) . Climate variations have substantially affected the abundance, biogeography, and success of fish stocks (Cushing 1982; McFarlane et al. 2000; Roessig et al. 2004) . Temperature is known to play a significant role in the growth, reproduction, survival, and distribution of fish (Rose 2005; Brander 2007 ).
Baltic Sea fisheries and fish populations are expected to show different responses to changing climate (MacKenzie et al. 2007 ). The optimum environmental conditions required for survival, growth, and reproduction differ for each fish species. Climate variability can affect animals both directly through physiology and indirectly through changes in their biological environment. Economically important marine fish species such as cod (Gadus morhua L.), sprat (Sprattus sprattus (L.)), and herring (Clupea harengus (L.)) have been studied intensively and their stocks have shown to be affected both by fisheries and climate variability (MacKenzie et al. 2007) . Less is known about the freshwater fish species that play an important role in the coastal areas of the brackish Baltic Sea ecosystems and are also sensitive to changes in temperature.
According to different climate change scenarios concerning the Baltic Sea, most models predict increase in surface water temperatures and precipitation (Stigebrandt and Gustafsson 2003; Döscher and Meier 2004; Venäläinen et al. 2009 ), decreased (Meier et al. 2006) or increased (Lehmann et al. 2004 ) salinity and milder winters with shorter periods of ice coverage . Coastal areas of the Baltic Sea should be greatly affected by increasing temperatures due to shallower waters, sheltered and semi closed areas which are common reproduction and feeding areas for many fish species (Lappalainen and Urho 2006; Härmä et al. 2008) . Temperature is considered to be the most important abiotic variable governing growth and survival of fish especially during the first year of their life (Christie and Regier 1988) . In the Baltic Sea, many species live on the edge of their distribution range in terms of one or more environmental factors. This emphasizes the importance of environmental factors in survival and distribution of these species since they can be vulnerable to even minor changes in their habitat (Colby and Lehtonen 1994) . There are still uncertainties concerning how climate change has affected fish production and distributions in the Baltic Sea. Distinguishing the effects of climate change and environmental change caused by other factors such as human impact (e.g., eutrophication) has also been a challenge. Region and species-specific research is needed to understand the response of the aquatic ecosystem to changing climate.
Pikeperch (Sander lucioperca (L.)) is a fresh and warm water species living at the edge of its range in the coastal areas of the northern Baltic Sea. It is an important fish species for Finnish commercial and recreational fisheries (Heikinheimo et al. 2006; Official Statistics of Finland 2008) . The year-class strength of pikeperch varies strongly between years , but the annual year-class variations of different populations show similar patterns over spatial distances of 300-500 km in Finland (Lappalainen and Lehtonen 2002) . Such patterns are clear indications for the positive effects of climatic factors on year-class formations (Böhling et al. 1991; Myers et al. 1997; . The contribution of a strong year-class to the future fisheries may be significant, thus the understanding of the effects of temperature on the year-class formation is important. The fishery on pikeperch has been intensive in the Finnish coastal areas (Heikinheimo et al. 2006) . The catches of pikeperch steadily increased in the commercial fisheries of the coastal waters of Finland since the middle of the 1990s, however, there has been a decrease in the commercial catches in the last few years (Official Statistics of Finland 2008) .
We aimed to study the effects of changing temperature conditions on pikeperch year-class strength, fisheries and distribution based on commercial catch data and catch samples from the period 1980-2008 in the Finnish coastal areas of the Baltic Sea. Water temperature is known to have positive effects on the establishment of strong pikeperch year-classes (Böhling et al. 1991; Kjellman et al. 2003) . As a new approach, we have calculated the year-class catch by summing the commercial catch in numbers from each year-class in successive years (indicating year-class strength), based on the reported catches and catch samples from the commercial fishery . Further, we also estimated if there have been any shifts in the distribution of catches of pikeperch in the Finnish coastal waters. Understanding the mechanisms of the effects of rising temperatures on fish populations is important for future predictions concerning pikeperch fisheries.
MATERIALS AND METHODS

Description of the Study Area
The Baltic Sea is one of the largest brackish water basins in the world and consists of different gulfs and areas with different water quality properties. The surface salinity in the Baltic Sea varies from 0 in the river mouths to about 5-6% in the Gulf of Finland and 6-7% in the Archipelago Sea (Pitkänen et al. 2001) . The average duration of ice cover varies from 60 to 194 days and water temperatures can range from 0 to 20°C in the Baltic Sea (Seinä and Peltola 1991; HELCOM 2007) .
The study covered the main coastal areas of the Gulf of Finland (GoF) (International Council for the Exploration of the Sea, ICES subdivision 32), Archipelago Sea (AS) (ICES subdivision 29), and Bothnian Sea (BS) (ICES subdivision 30) ( Fig. 1 ). Some shallow coastal areas of the GoF and AS are known as reproduction areas for pikeperch (e.g., Lehtonen and Toivonen 1987; Kjellman et al. 2001) . The year-class catches of pikeperch were estimated for these two areas, which are known to be inhabited by separate pikeperch stocks based on tagging experiments (Lehtonen 1983; Lehtonen and Toivonen 1987) and genetic studies (Säisä et al. 2010) .
Fish Data
The pikeperch data are based on samples from the commercial catches obtained from the coastal areas of the Baltic Sea in Finland covering the years 1980-2008 (Finnish Game and Fisheries Research Institute, FGFRI). The age composition data are collected annually by the FGFRI from the fishermen's catches mostly caught with gillnets. Pikeperch were aged from polycarbonate impressions of scales with a microfilm viewer. The catch data used in this study are the gillnet catches from the coastal areas of the Finnish Baltic Sea, statistical squares 32, 37, 42, 47, 51, 52, 53, 54, 55 , and 57 as defined within ICES subdivisions 29, 30, and 32 ( Fig. 1) .
The year-class catch estimations of pikeperch from the GoF were based on commercial gillnet catches and catch samples from square 54 (ICES subdivision 32) for the years 1979-2007. The AS pikeperch are represented by commercial gillnet catch samples from squares 47 and 51 (ICES subdivisions 30 and 29) from years 1978-2007. Total number of fish used for the year-class catch estimations is 6,963 for the GoF and 22,480 for the AS. Before 1998, only one or two large (ca. 200-400 individuals) samples were taken per area per year. Since 1998 sampling has been distributed to the fishing seasons throughout the year according to fishing effort. The normal sample size from one gillnet catch was ca. 50 individuals. In 1998-2003, stratified sampling was based on length distribution, e.g., more fish were measured than aged in the most common length-classes. Age-length keys by fishing area, gear, year and quarter of the year were used to estimate the age distributions in the total samples (Heikinheimo et al. 2006) . The year-class estimations were based on the number of fish in each year-class caught in the commercial gillnet fishery during its life-time. This was calculated on the basis of annual commercial gillnet catch and the share of each year-class in the samples from gillnet fisheries. The fishing mortality for pikeperch is high (annual instantaneous fishing mortality about 1, Heikinheimo et al. 2006) . Therefore, we assumed that practically all fish from a given year-class would be caught at the end. The latest year-classes (2001, 2002, and 2003) from the GoF and AS have been estimated because they were not yet completely recruited to the fishery in 2007. The effort has also decreased, so the year-class catches were probably underestimated in the latest years. However, these years were included in all the correlation and regression analyses. The effort was calculated by multiplying the number of gillnets per day by number of fishing days annually. The catch-per-unit-effort (CPUE) is the kilogram of fish caught per gillnet per day. To evaluate if there were any changes during the last decades in the catches in relation to temperature, average of pikeperch catches and CPUE were also calculated per each period for 1980-1990, 1991-2000, and 2001-2008 for the GoF, AS, and BS, respectively.
The proportion of year-classes in the commercial fishery (tonnes) was estimated in the GoF and AS during Fig. 1 The overview of the study area in the Baltic Sea. ICES subdivisions are marked with large numbers 32 (Gulf of Finland), 29 (Archipelago Sea), and 30 (Bothnian Sea). The ICES statistical squares are marked with smaller numbers along the shoreline (32, 37, 42, 47, 51, 52, 53, 54, 55, and 57) . The locations where water temperature data are obtained in Archipelago Sea, Ruissalo and for Gulf of Finland, Vanhankaupunginlahti Bay are marked with a star 1981-2007. Typically, a strong year-class enters to the fishery in about 4-5 years, and the proportion of the catch is usually the highest in the 6th and 7th years. Still, there are usually several different year-classes in the commercial catches. Such a gradual recruitment is based on large variation in growth rates. These growth patterns can also be explained by the annual variations in water temperature (Lappalainen et al. 2005 (Lappalainen et al. , 2009 .
Pikeperch is also caught by recreational fisherman; however, the data are based on questionnaires and are less reliable than commercial fisheries data (Kalatalous ajassa 1993). Thus, these were not included in the catch estimates. Statistics on the recreational catches have not been produced annually but for about every 2 years starting from 2000 to 2008 and show no change in the catches in both GoF and AS. The recreational catch is as high as the commercial catch in the AS and even higher in the GoF.
Water Temperature Estimations
Daily water temperature measurements were obtained from the Finnish Environmental Research Institute from two stations, one located in the Gulf of Finland (GoF) (Vanhankaupunginlahti Bay, Helsinki), and the other in the Archipelago Sea (AS) (Ruissalo, Turku) ( Fig. 1 ; Table 1 ). Vanhankaupunginlahti Bay is a shallow (mean water depth 1.5-2.5 m, max depth 5 m), eutrophic, and turbid inlet in Helsinki, on the southern coast of Finland, representing here the water temperature for the GoF (Fig. 1) . Ruissalo Island is located in the south western coast of Finland, near the city of Turku and represents the water temperatures for the AS (Fig. 1) . The water temperature data were obtained from the station in the north-west coast of the island and sampled from 1 m depth. For the period with no available daily water measurements, a model (below) (Kjellman et al. 2003 ) was used to estimate the daily water temperature using daily air and available measured surface water temperatures. The water temperatures in the model were estimated for the period from 1st of May till 1st of October (growing season).
where WT is the surface water temperature (0-1 m), AT is air temperature, and t is day. For the water temperature estimations in the two study areas (Table 1) , coefficients a and b were estimated using the minimum sums of squares between measured and estimated water temperatures (WT t ) ( Table 1 ). The estimated water temperatures were based on the difference between air temperature (AT (t-1) ) and water temperature the day before (WT (t-1) ). The coefficients of determination between real and modeled water temperatures were 0.8 for GoF and 0.9 for AS (Table 1) . These are comparable with earlier results using the same model (Kjellman et al. 2001 (Kjellman et al. , 2003 Lappalainen et al. 2009 ).
Statistical Methods
The relationship between year-class catch and mean monthly water temperatures was studied with Pearson's correlation coefficient, and the combination of months that gave the strongest correlation was selected. A linear regression was fitted to the relationship between log transformed year-class catch and mean monthly water temperatures for the GoF (June-July) and the AS (July-August). The regression model included log transformed year-class catches as the dependent variable and average water temperature as explanatory variable. The year-class catch in the two areas and the residuals from the relationship to average temperature were also correlated against each other using Pearson's correlation statistics.
To investigate the probability of a strong or weak year-class establishment in very warm or cool year was estimated based on Mantzouni and McKenzie (2010) . The temperature intervals were defined based on overall 25th (T \ T 25th , cool) and 75th (T [ T 75th , very warm) percentiles of the temperature ranges in each area (GoF and AS). The strong year-classes are considered to be the ones exceeding the mean year-class catch and vice versa for the weak ones for each area separately (GoF and AS). 
RESULTS
Commercial Catch, CPUE, and Distribution
The commercial gillnet catches of pikeperch increased after 1994 consecutively with the fishing effort both in the GoF (ICES subdivision 32) and AS (ICES subdivision 29) (Fig. 2) . Since 2003 both catch and effort has declined in all three ICES subdivisions 29, 30, and 32. However, the CPUE has remained at about the same level (0.2 and 0.3 kg/gillnet * days) during the whole period, except for a few years in the mid-90s where it has increased (0.3 and 0.5 kg/gillnet * days) in the GoF (ICES subdivision 32) and AS (ICES subdivision 29), respectively. In the Bothnian Sea (ICES subdivision 30), the CPUE remained almost the same throughout the whole study period (0.1 and 0.2 kg/gillnet * days) (Fig. 2) .
When looking at the average commercial gillnet catch of pikeperch per three decades (Fig. 2) , it was the highest for the middle period (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) in the GoF (140 tonnes) and AS (238 tonnes). In the BS, the highest average commercial gillnet catch of pikeperch was observed in the latest period (2001-2008) (120 tonnes). The increase in catch in the BS, statistical squares 47, 42, and 37 was detected for the last period 2001-2008. The mean CPUE during different periods was the highest during the period 1991-2000 in the GoF (0.3 kg/gillnet * days) (ICES subdivision 29) and AS (0.5 kg/gillnet * days) (ICES subdivision 32). The CPUE in the BS (ICES subdivision 30) was the same in the last two periods (0.2 kg/gillnet * days).
Water Temperature
To evaluate if there were any periodical changes in the water temperatures during the study period , the average water temperatures during the growing season (1st of May-1st of October) were calculated for the periods of 1980-1990, 1991-2000, and 2001-2008 in the GoF and AS. Mean water temperatures showed an increase of 0.8 and 0.9°C from the first till the last decades in GoF and AS, respectively. It was the highest, 15.9 and 15.1°C, in both areas during the growing season (1st of May-1st of October) for the last period (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) . In GoF, the coolest and warmest growing seasons were in 1987 and 2006 with mean temperatures of 13.3 and 17.1°C, respectively. In AS, the coolest and warmest growing seasons were 1987 and 2002 with mean temperatures of 12.2 and 16.9°C, respectively. If the monthly mean water temperatures are compared, the GoF had higher monthly mean water temperature values earlier in the season compared to the AS. This was the case for both modeled and measured water temperatures.
Year-Class Catch and Water Temperature
The highest year-class catches were recorded for the yearclasses 1988 and 1997, both of which were warm summers, in the GoF and AS. The strongest correlation between the year-class catch and mean monthly water temperature was found for June-July in the GoF and July-August in the AS (Fig. 3) . The average temperature in June-July explained 40% of the variation in the year-class catch in the GoF (P \ 0.001, n = 24) and 73% in July-August in AS (P \ 0.0001, n = 24) (Fig. 3) . In GoF and AS, strong year-classes were born when the mean water temperature in June-July or July-August was above 18.5°C with the exception of year 1991 in AS (Fig. 3) . The probability of either a strong or weak year-class was very clear between very warm or cool summer temperatures for GoF and AS (Table 2) . 1980-1990, 1991-2000, and 2001-2008 Pikeperch year-class catch for the two areas (GoF and AS) were correlated against each other giving a positive and significant correlation (r = 0.73, P \ 0.0001, n = 24). This is due to similar positive effects of temperature on year-class catch in both sites. However, when the effects of temperature were removed from the year-class catches in both sites, the residuals correlated significantly (r = 0.5, P \ 0.05). Notably, this correlation was weaker than above (r = 0.73).
Year-Class Catches in the Total Commercial Catch
The importance of the strongest year-classes in commercial catches was evident (Fig. 4) . The proportion of the yearclass 1988 in the annual catch in weight was at highest in 1995 (7th year), constituting 61% of the catch of that year and the year-class 1997 constituted 45% of the catch in year 2003 (6th year) in the GoF (Fig. 4) . The second strongest year-class of 1988 in the AS covered 98% of the catch in year 1994 (6th year) (Fig. 4) . The contribution of the two best year-classes together (1988 and 1997) to the total commercial gillnet catches during 1980-2007 was 27% in the GoF and 29% in the AS.
DISCUSSION
Changes in Pikeperch Distribution and Catches
The increase in the catches in the Bothnian Sea (ICES 30, squares 37, 42, and 47) corresponds to the high year-class catch (1997) entering the fishery. The high catches observed in these squares suggest that the habitat of pikeperch is expanding, distributing toward the northern coasts of the BS. This is probably due to the suitable temperature levels that would benefit pikeperch reproduction and growth in the northern coastal areas. However, not much is known about the pikeperch reproduction areas in the Bothnian Sea and this issue should be studied further. Another reason for the northern distribution of pikeperch catches could be the carrying capacity of the feeding or reproduction areas. Lappalainen et al. (2009) found reduced growth rates of pikeperch within strong yearclasses probably due to increased intra-specific and interspecific food competition which could also lead to more extensive feeding migrations.
The commercial catches of pikeperch increased in the GoF (ICES 32) and AS (ICES 29) during the 1990's, when strong year-classes showed a peak in the catch, 6-7 years after their first summer. The high proportion of strong yearclasses in the commercial catches demonstrates the significance of a strong year-class that has established in a warm summer. The second peak in the catches, however, is partly due to the high fishing effort corresponding to the same time in all three ICES subdivision areas (29, 30, and 32) . In these areas, catches have also decreased due to lower fishing effort later during the study period, also indicated by the CPUE that has remained about the same level.
Commercial catches of pikeperch have been decreasing in all Finnish coastal areas since 2003. This corresponds also to a decrease in fishing effort. The CPUE has not showed any peaks or large fluctuations since 2000 in any of the areas. Total share of recreational pikeperch catch has, however, been growing since the 1990's while there has not been a change in the recreational pikeperch fisheries since 2000 (Toivonen et al. 2003) . According to fisheries regulations, the commercial fishermen are allowed to fish in certain locations. In recent years, pikeperch fishing has become difficult in the traditional locations partly because of the disturbance by grey seal (Halichoerus grypus), and partly, according to the fishermen, because the pikeperch do not dwell in the same areas as before. The fishermen believe that this is due to predators (Salmi et al. 2010) , but other possible reasons may be food availability, changes in the fish assemblage due to eutrophication (Lappalainen 2002) , or changes in environmental conditions such as water temperatures. Also the number of cormorants (Phalacrocorax carbo) has increased rapidly (Salmi et al. 2010 ).
Year-Class Catch and Temperature
Year-class catch of pikeperch was strongly related to water temperature in two areas in the coastal Finnish Baltic Sea.
Year-class catches of pikeperch were best explained by the mean June and July water temperatures in GoF, while for AS the year-class catches of pikeperch correlated best with mean July and August water temperatures. This difference was probably due to the later warming of the AS area. The locations where the water temperature measurements are taken are known to be common spawning grounds for pikeperch (Lehtonen et al. 1996; Kjellman et al. 2003) .
However, these areas differ in topography, Vanhankaupunginlahti (GoF) being sheltered and Ruissalo (AS) more exposed, which was probably the reason for the difference in the mean temperatures in the beginning of the growing season. found no effect of May water temperatures on the year-class strength of pikeperch, while June and July temperatures had the strongest effect in the GoF. Pikeperch starts to spawn in late-May or early-June when water temperatures reach 10-14°C and the larvae mainly hatch in June (Colby and Lehtonen 1994; Lappalainen et al. 2003) .
The probability of a strong year-class catch of pikeperch increased both in the GoF and AS when mean summer water temperature was over 18°C. The probability of having a strong year-class reached 1 when temperatures were [19.3°C in the AS. In the GoF in years with mean summer temperatures [18.4°C the probability of a strong year-class was 0.8. Years with cool summers \17.5°C will likely end up having weak year-classes in both areas. Survival, growth, and juvenile abundance are positively correlated with water temperature during the first summer (Kjellman et al. 2001; . High temperatures benefit growth rates and body size, increasing the chance of winter survival. Fast-growing juveniles have usually lower mortality rates than slow-growing ones (Pepin and Myers 1991) . This is suggested to be due to better mobility of larger juveniles, opportunities to find food and to escape from predators (e.g., Pepin 1991) .
Pikeperch year-class 1999 in the GoF and 1991 in AS seemed to be exceptions to the general pattern. The warmer the summer average temperatures the higher the year-class catch or vice versa (Fig. 3 ). Year-class 1991 was a strong one; however, the average temperature was only 18°C in July-August. When we looked at the temperatures in detail, the July temperatures were still low (16°C) but there was a very warm period in August (19°C), which probably enabled a strong pikeperch year-class. In the GoF, the exceptional year was 1999 having a very low year-class catch despite of high average temperature [19°C (June-July). This can be probably explained by the fact that there was an upwelling during this period in the GoF (Vahtera et al. 2005) , which could have created a very cold period lasting for a week (\11°C) and could have increased the mortality of juveniles, thus seen as a low year-class strength (Marshall 1977) .
Covariation in Year-Class Catches Between the Areas
Despite the separate populations, the year-class catch of pikeperch correlated between the GoF and AS, demonstrating a species specific positive response of high water temperature for pikeperch. Recoveries from tagging studies have indicated that pikeperch migrations are typically less than 20 km (Lehtonen 1983; Saulamo and Thoresson 2005) . The distance between our study areas is over 300 km. Thus, the mixing of these stocks should be minimal. Similarly, Lappalainen and Lehtonen (2002) found for pikeperch and Böhling et al. (1991) concluded that large-scale weather variations, mainly through water temperature, synchronize the variations in year-class strength of perch (Perca fluviatilis) (percid) over large areas. However, when the effect of temperature was removed from the year-class catches, there was still a significant correlation between the sites. This indicates the possible effect of other abiotic and biotic factor or factors on the year-class catches in a similar way in both sites (GoF and AS). These factors could be density-dependent recruitment, density-dependent growth of juvenile pikeperch (Lappalainen et al. 2009 ), or the availability of food items during the critical first summer affecting survival of pikeperch larvae (Ljunggren 2002) . Also possible effect of upwelling on water temperatures in certain periods and temperature effects which are not evident when mean temperatures are used could lead to differences in year-class catch of pikeperch in both sites. These factors need further investigation.
Changes in Catches per Period
Dividing the study period into three periods gave us an opportunity to follow the climate warming. There was more than half a degree warming toward the last period in these two areas, one located in the GoF and the other in the AS. This warming was also followed by an increase in pikeperch catches and their shift toward northern locations. The pikeperch stocks seem to expand their distribution to north along the coasts of the BS. The warming cannot be directly related to the increased catches but more to the year-classes that were established during warm years.
CONCLUSIONS
Different timing of the year-class establishment in our two study areas suggests that pikeperch are sensitive to temperature changes and changes in the temperatures could alter the timing of hatching, growth and consequently establishment of the year-class. The timing of life cycle events such as spawning and early larvae period can be sensitive to climate change and the mechanisms remain partly unsolved. Mismatch between trophic levels (such as fish) and functional groups (e.g., zooplankton) can be the consequence of temperature anomalies due to climate change (Edwards and Richardson 2004) . Climate change will affect the biological processes and alter abiotic conditions in the Baltic Sea. The timing of spawning and hatching of larvae could shift earlier due to warmer spring temperatures or high seasonal variation in temperature. If warmer summers are yet to come as predicted by climate change scenarios, warm growing seasons will increase the chance of strong year-class establishment for pikeperch stocks. Thus, the abundance of pikeperch is expected to increase in the future, and distribution of feeding and catch areas may be altered. The year-class catch method used here also enabled us to see the importance of the strong year-classes in their contribution to the commercial fishery.
